The Snyder-Robinson syndrome is caused by missense mutations in the spermine sythase gene that encodes a protein (SMS) of 529 amino acids. Here we investigate, in silico, the molecular effect of three missense mutations, c.267G>A (p.G56S), c.496T>G (p.V132G) and c.550T>C (p.I150T) in SMS that were clinically identified to cause the disease. Single-point energy calculations, molecular dynamics simulations and pKa calculations revealed the effects of these mutations on SMS's stability, flexibility and interactions. It was predicted that the catalytic residue, Asp276, should be protonated prior binding the substrates. The pKa calculations indicated the p.I150T mutation causes pKa changes with respect to the wild type SMS which involve titratable residues interacting with the S-methyl-5'-thioadenosine (MTA) substrate. The p.I150T missense mutation was also found to decrease the stability of the C-terminal domain and to induce structural changes in the vicinity of the MTA binding site. The other two missense mutations, p.G56S and p.V132G, are away from active site and do not perturb its wild type properties, but affect the stability of both the monomers and the dimer. Specifically, the p.G56S mutation is predicted to greatly reduce the affinity of monomers to form a dimer and therefore should have a dramatic effect on SMS function since dimerization is essential for SMS activity.
INTRODUCTION
is an Xlinked recessive disease which causes mild-to-moderate mental retardation, osteoporosis, facial asymmetry, thin habitus, hypotonia, and a nonspecific movement disorder [Bas, et al., 2008] . Genetic studies showed that the SRS is caused by defects in the spermine synthase gene (SMS; MIM# 300105) [Bas, et al., 2008; Becerra-Solano, et al., 2009; Cason, et al., 2003; de Alencastro, et al., 2008] . Particularly, a splice variant of the SMS gene in males from the original Snyder-Robinson family was found that leads to the loss of exon 4, inserts a premature stop codon and results in a truncated protein containing only the first 110 amino acids [Cason, et al., 2003] . A missense mutation at position 56 substituting Gly with Ser c. 267G>A (p.G56S) was reported in the SMS gene from a second family with SnyderRobinson syndrome [de Alencastro, et al., 2008] . It was shown that the p.G56S mutation greatly reduces SMS activity and leads to severe epilepsy and cognitive impairment [de Alencastro, et al., 2008] . Another missense mutation, c.496T>G (p.V132G), in the exon 5 of the SMS gene in two Mexican brothers with Snyder-Robinson syndrome was also found [Becerra-Solano, et al., 2009] . Recently a new mutation, c.550T>C (p.I150T), was identified by Schwartz and co-workers (personal communication). Thus, currently three missense mutations in SMS protein and a splice variant in SMS gene are clinically shown to be associated with SRS. However, the molecular mechanism of how these genetic defects cause SRS is still unknown. While the truncated protein resulting from the splice variant of the SMS gene is not expected to retain the wild type function of the SMS protein, the molecular effects of the above missense mutations on the SMS function cannot be revealed without performing a detailed analysis. Such an analysis is reported in the present paper.
The SMS protein is an aminopropyltransferase which converts spermidine into spermine and thus is very important for regulating polyamines' concentration in the cell. It has been shown that polyamines play an important role in cell proliferation, differentiation, programmed death and tissue repair [Gerner and Meyskens, 2004] . Polyamine biosynthesis was found to be negatively regulated by some tumor-suppressor genes, such as the adenomatous polyposis coli gene [Erdman, et al., 1999] . The suppression of polyamine levels can increase apoptosis, decrease cell growth, and prevent tumor formation. Thus, understanding the polyamine biosynthetic pathway could reveal important targets for the design of therapeutic agents [Casero and Marton, 2007] . The predominant polyamines found in prokaryotes and eukaryotes are spermidine (SPD) and spermine (SPM). They can act as ligands at multiple sites on DNA, RNA, proteins, phospholipids, and nucleotide triphosphates. In addition, in higher organisms, SPM is required for modulating ion channel activities of certain cells. The loss of SPM has profound effects in mice since deletion of the SMS gene results in reduced size, sterile, deaf and has neurological abnormalities, and very short life span [Wu et al., 2008; Mackintosh and Pegg, 2000] . Polyamines synthesis is catalyzed by aminopropyltransferases which include spermidine synthase and SMS. In this process, S-adenosylmethionine decarboxylase (AdoMetDC) provides the aminopropyl donor decarboxylated S-adenosylmethionine (dcAdoMet) for the synthesis of both spermidine and spermine. Particularly, spermine synthase adds aminopropyl group to the N-10 position of SPD to form SPM.
Recently, the 3D structures of human SMS with either spermidine or spermine were experimentally determined [Wu et al., 2008] . Structural analysis combined with site-directed mutagenesis indicated that two residues, Asp201 and Asp276, play a key role in the catalytic reaction. The human SMS forms a dimer of two identical subunits. Each subunit is made of two functional domains: the N-terminal domain which is important for dimerization, and the C-terminal domain which includes an active site for spermine synthesis [Wu et al., 2008] . Interestingly, the N-terminal of SMS is very similar to AdometDC and the C terminal of SMS has structural homology with spermidine synthase [Wu et al., 2008] . It was shown that both domains are enzymatically inactive when expressed separately, but have well defined 3D structures [Wu et al., 2008] . The importance of dimerization for the function of SMS protein was studied using a series of deletion mutants. It was demonstrated that the Ndomain causes dimerization and without dimerization the SMS losses its activity [Wu et al., 2008] .
Genetic variations or defects can affect the function of the cell and the function of the corresponding protein in many different ways (see for example) [Dobson, et al., 2006; Karchin, et al., 2005a; Karchin, et al., 2005b; Reumers, et al., 2006; Riva and Kohane, 2002; Teng, et al., 2008; Yue, et al., 2006] . In this study, we investigate three missense mutations ( Fig. 1) clinically shown to cause Snyder-Robinson syndrome by the means of computational modeling of their effect on stability, dynamics and function of the SMS dimeric protein. The goal is to reveal the molecular mechanism of the effects, which will provide guidance for further studies toward developing treatment of the disease.
MATERIALS AND METHODS

Protein structures
The wild type (WT) structures of human SMS protein crystallized with either spermidine (PDB ID 3C6K) or spemine (PDB ID 3C6M) [Brooks, et al., 2009] were downloaded from the Protein Data Bank (PDB) website [Kouranov, et al., 2006] . In both cases the asymmetrical unit was found to have four molecules, while the biological unit is a dimer. The dimer made of chains "A" and "B" was found to have many van der Waals (vdW) clashes and was removed from the calculations. Instead, the biological unit was taken as the dimer made of chains "C' and "D". There are minor differences between 3C6K and 3C6M structures due to different ligands (spermidine and spermine) and different crystallographic groups (P1 and P3 2 ). However these differences are negligibly small at the dimer interface. Most of the calculations reported in this paper were done using the 3C6M structure because a significant part of the N-terminal domain is not solved in the 3C6K structure. However, the pKa calculations involving mutations at site 150 were done using both 3C6K and 3C6M structures because site 150 is located in close proximity to the active site residues and to the spermidine/spermine binding pocket and even very small structural difference could have significant impact on the calculations.
The mutant structures were built in silico by side chain replacement done with the program SCAP [Xiang and Honig, 2001] . Three mutant structures per wild type protein were generated, each corresponding to a mutation introduced at the 56, 132 or 150 sites ( Fig. 1 ) and introducing the clinically observed mutations (p.G56S, p.V132G and p.I150T).
Energy calculations
To reduce the computational time, the structures were split into N-terminal domain (a.a. 1-125) and C-terminal domain (a.a. 126-381), the last one including the central domain as well. The corresponding dimer and the separated monomer structures were energy minimized with the TINKER package [Ponder, 1999] using the "minimize.x" module which performs energy minimization using the Limited Memory BFGS Quasi-Newton Optimization algorithm [Ponder, 1999] . The solvent was modeled using the Still Generalized Born model [Still, et al., 1990 ] and the internal dielectric constant was set to 1.0. The minimization was done using four different force field parameters Charmm19, Charmm27 [Brooks, et al., 2009] , Amber 98 [Case, et al., 2005] and OPLS [Jorgensen and Tirado-Rives, 1988 ] to test the sensitivity of the results. The convergence criteria applied was RMS gradient per atom = 0.01. After successful energy minimization, the energies of the minimized structures were obtained with "analyze.x" module of TINKER. If not specifically indicated, in this work we focus on the total potential energy. The ligands, Smethyl-5'-thioadenosine: MTA, and SPM/SPD were not included in the energy calculations because neither of the mutation sites are in direct contact with any of them.
The binding energy (ΔΔG(binding)) was calculated as the difference between the total potential energy of the dimer minus the total potential energy of the separated monomers, (1) where ΔG(dimer) is the potential energy of the dimer, ΔG(C) and ΔG(D) are the potential energies of monomer "C" and "D", respectively. These calculations were done for WT structures and for each mutant and the difference, which evaluates the effect of the mutation on the affinity (binding), was calculated as [Teng, et al., 2009a] :
where ΔΔG(binding :WT ) is the binding energy of the WT monomers and ΔΔG(binding : mutant) is the binding energy of the corresponding mutant. The above equations (1,2) assume that the entropy change associated with the dimer formation is practically the same for the WT and mutant and thus cancels out.
The effect of the mutations on the stability (folding energy) of individual monomers was modeled by the following protocol. The total potential energy of each separated monomer was obtained with TINKER. In addition, a seven residue segment centered at the mutation site was taken from the original structures. Then the folding energy was calculated as:
where G(folded) is the total potential energy calculated with the corresponding minimized 3D structure using the analyze.x module of TINKER, and G(unfolded) is the energy of unfolded state. The unfolded state energy is further split into G 0 (unfolded) and G 7 (unfolded). The second term is calculated as explained above on a seven residue segment (different segment lengths were explored, but no effect was found up to nine), while the first term is considered to be mutation independent and cancels out in eq. (4). Thus, the effect of a mutation is calculated as:
Such an approach of calculating the effect of mutations on the folding energy assumes that the unfolded state of the WT and mutant are similar and the main difference is around the site of mutation and there are no residual interactions between the site of mutation and amino acids further away than three positions along the sequence. Although this is an approximation, such an approach was shown to provide very good correlation to experimental data of the effect of mutation on the melting temperature [Ofiteru, et al., 2007] .
pKa calculations
The motivation for performing pKa calculations to reveal the effect of mutations on the ionization states of titratable groups comes from the observation that even mutations that do not involve titratable groups may affect ionization states by perturbing the original dielectric boundary of the protein or by altering the hydrogen bond network [Talley, et al., 2008; Teng, et al., 2009a] . Thus, while clinically observed missense mutations involve no titratable group, still they can affect the pKa's of their neighbors.
The pKa values of the ionizable groups were calculated using the Multi Conformation Continuum Electrostatics (MCCE) method as previously described [Alexov, 2003; Alexov and Gunner, 1997; Georgescu, et al., 2002] . Default parameters were used as protein dielectric constant of 8.0 and ionic strength of 0.15M. Because the pKa values of titratable groups are known to be affected by mutations at distant sites, the ligands (S-methyl-5'-thioadenosine: MTA, spermidine: SPD and spermine: SPM) were included in the MCCE calculations in case of wild type (WT) and p.I150T mutant. The MCCE topology files were obtained following Refs. [Kleywegt, 2007; Kleywegt, et al., 2003; Kleywegt and Jones, 1998; Lau and Bruice, 2000] and are provided in the Supporting Information. This resulted in the following net charges: spermine = +4e, spermidine = +3e and MTA = +1e. The charges of the ligands were kept fixed during MCCE calculations.
Calculations were performed on the WT dimer and separated monomers (using both 3C6K and 3C6M structures) as well on all mutants. The calculated pKa of the ith amino acid using WT structure (either dimer or separate monomers) and the corresponding mutant structures was compared as:
where pKa i (WT) is the pKa of amino acid "i" calculated with the WT structure and pKa i (mutation) is the pKa of the same amino acid but calculated using mutant structure.
Web servers
Several of web-based tools were used to predict the effect of the missense mutations on SMS stability and dimer affinity. The list is provided in the Supporting Information and they are described in the following Refs. [Capriotti, et al., 2005; Lu, et al., 2009; Parthiban, et al., 2006; Schymkowitz, et al., 2005; Teng, et al., 2009b; Teng, et al., 2010; Yin, et al., 2007] .
RESULTS
A previous study based on the X-ray structures of spermine synthase with either spermidine or spermine has found the catalytic residues, residues being in contact with the substrates/ products and amino acids conserved in the multiple sequence alignment (see Fig.3 in Ref. [Wu et al., 2008] ) and we will take advantage of their analysis. The study [Wu et al., 2008] revealed several crucial structural and biochemical characteristics governing the wild type function of SMS. These findings are grouped in four categories for the purposes of the present investigation: (a) The reaction follows the standard mechanism of aminopropyltransferases and involves cleavage of a peptide bond and deprotonation of the N-10 atom of spermidine [Ikeguchi, et al., 2006; Pegg and Michael, 2009] . Thus, protonation/deprotonation events are crucial for spermine synthase function and motivated us to perform a detailed analysis of the pKa's of titratable residues at different conditions. (b)
The reaction requires precise positioning of both the reactants and products in the active site of the SMS. The positions of the substrates are coordinated by the set of amino acids reported in the original paper [Wu et al., 2008] . Any structural perturbation that alter the geometry of the active site or side chain positions of coordinating residues would affect the reaction. (c) The reaction takes place inside the SMS, where both reactants are buried and shielded from the water phase. Any change of the stability or conformational dynamics involving structural segments surrounding the active sites would affect the reaction. (d) The dimerization of SMS was shown to be crucial for the function and any mutation that alters the SMS dimer stability is expected to alter the function as well. Below we investigate the effect of three clinically observed missense mutations on each of the above mentioned properties (see Fig.1 showing mutation sites locations).
Effect of the missense mutations on ionization states of titratable groups
The first question to address is which titratable groups are affected by the binding of reactants. Since no 3D structure is available of the apo form of SMS, we performed pKa calculations using 3C6K and 3C6M structures without substrates as a model of the apo form. This is an obvious simplification, since both structures are "closed" structures, i.e. the reactants binding pockets are shielded from the water phase, while the apo conformation is expected to have channel(s) leading the reactants to their binding positions. However, in the pKa calculations, the binding pockets were empty and treated as medium of high dielectric constant of water and thus the amino acids within the binding pockets are exposed to the water phase as they are supposed to be in the apo form. Of course, titratable groups located away from the binding pockets and within structural regions that undergo conformation changes from apo to holo states will experience pKa shifts, but these groups are not the subject of the present study, neither the amino acids in the N-terminus domain of the SMS.
The results of pKa calculations are summarized in Table 1 . With respect to the wild type SMS, it was found that the catalytic residues Asp201(203) and Asp276(278) behave differently (in parenthesis are given the amino acid numbers in the 3C6K structure). The Asp201 is calculated to be fully ionized with and without substrates, while the Asp276 is predicted to be protonated without substrates but to be fully ionized when they are present. This is a confirmation of the catalytic mechanism outlined in references [Wu et al., 2008; Pegg and Michael, 2009] . The Asp276 serves as proton acceptor that removes a proton from the N-10 atom of spermidine and in order to do so, must have an elevated pKa prior the attack. The Glu353(355) was also found to have an elevated pKa prior SPD/SPM binding, but becomes fully ionized in the presence of substrates. However, the ionization state of neither of these residues is affected by the p.I150T mutation, because they are far away from residue 150. Two amino acids within the MTA binding pocket were calculated to experience pKa shifts due to MTA binding and the p.I150T mutation ( Table 1 ). The Glu220(222) is calculated to be partially protonated in absence of MTA, mostly because its side chain is partially buried in the protein matrix and the ionized form has to pay a desolvation penalty for that. The binding of MTA, however, provides favorable interactions, supports the ionized form and makes Glu220 fully ionized. The carboxyl oxygens of Glu220 serve as proton acceptors for the OH group of MTA and thus lock the MTA in desired position. The Asp222(224) is not in direct contact with MTA, but interacts electrostatically with Glu220. In the wild type SMS, Asp222 makes a strong hydrogen bond with Ser145(147) and is predicted to be fully ionized and have a low pKa value. The missense mutation at site 150 replaces Ile with Thr, a polar residue which is a strong hydrogen donor. We predict that in the mutant, the OD1 atom of the side chain of Asp222 establishes a new hydrogen bond with Thr150 ( Fig. 2c) and this additionally lowers its pKa value. As a "domino effect", the pKa value of Glu220, which coordinates MTA, gets slightly higher which could affect its interactions with MTA. As result of the p.I150T missense mutation, the hydrogen bond network in the vicinity of the MTA binding site is altered with respect to the wild type, which in turn could affect the reaction.
The other two missense mutations, p.G56S and p.V132G were found not to affect any ionization state, simply because the mutation sites are located in regions that do not have titratable residues around.
Effect of mutations on the stability of the monomers
Structure-based energy calculations were performed as explained in the method section and MTA and SPM were not included in the analysis, the reason being three fold: (a) the missense mutations p.G56S and p.V132G are far away from the binding pockets and thus should not be sensitive to the presence of substrates; (b) the holo (substrate loaded) structure is expected to be much more rigid and stable than the apo structure and thus less sensitive to missense mutations studied in this work and (c) most of the web-based tools do not include substrates in their analysis and to compare their predictions with ours we prefer not to include substrates in our analysis either.
Structure-based energy calculations
The results are summarized in Table 2 . The first observation is that the absolute value of the energy change varies depending on the force field parameters and polypeptide chains used, an observation that confirms our previous investigations [Talley, et al., 2008] . However, averaging over all calculated energy changes results in a prediction that all mutations will destabilize monomers. The most prominent is the effect calculated for p.I150T mutation, and the smallest effect is predicted for p.V132G mutation.
Predictions made with web-based tools
The predictions of web-based tools are shown in Table 3 for each missense mutation studied in this work. The most controversial predictions are made with CUPSAT, where the effect on denaturant stability is predicted to be just opposite to the effect on thermal stability. The only other discrepancy among the predictions is the p.G56S missense mutation effect predicted with Eris, which is calculated to slightly increase the monomer stability. However, the consensus among the methods, including sequence based predictions, is that all mutations will decrease monomer's stability.
Structural origin of predicted effects
Comparing results of the structure-based energy calculations with TINKER and web-based tools, we see that they are in very good agreement for all mutations. Almost all methods predict that the mutations will destabilize SMS monomers as our TINKER analysis suggests as well. The predictions obtained with CUPSAT are the most ambiguous, since the effect of thermal and denaturant stabilities are calculated to be just opposite. Without focusing on this discrepancy, which is associated with CUPSAT algorithm, below we discuss plausible structural factors causing the stability changes.
The p.G56S mutation is evaluated by our calculations, all sequence-based and most of the structure-based servers to destabilize the monomers. The wild type residue, the Gly, is frequently found to be located at structural positions requiring either flexibility or sharp turn. Substitution of Gly to Ser residue causes structural reorganization (Fig. 2a) of a neighboring loop consisting of residues Tyr89-Gln94, which in turn affects the beginning of the corresponding helix. Such a structural change induces extra strain and destabilizes SMS monomer.
The p.V132G mutation is predicted by all methods (excluding CUPSAT(denat)) to destabilize 3D structures of the monomers. The structural origin for such predictions is shown in Fig. 2b . The WT residue, Val, is partially buried in the monomers and fully buried in the dimer (shown in green in Fig. 2b ). Being hydrophobic amino acid, the WT Val stabilizes the 3D structure due to the hydrophobic effect. The missense mutation introduces Gly, an amino acid that does not have the same hydrophobicity as Val and is smaller as well. As results, the stability of the monomer decreases upon p.V132G mutation. The mutation also induces small structural changes mostly associated with neighboring side chains, while the backbone is practically unaffected.
The p.I150T mutation is predicted by our calculations to destabilize the monomers in agreement with the web-based tools. The I150 mutation site is quite different as compared with the other two. The side chain of the wild type and the mutant residue points toward the hydrophobic core of the protein. The mutation introduces a polar residue (Thr) which has to pay a significant desolvation penalty to be buried. However, in our protocol it relaxes structurally and establishes a hydrogen bond with Asp222 (Fig. 2c) . It should be mentioned as well that the p.I150T mutation causes structural reorganization of a loop made of residues Leu221-Lys260. This is the largest structural change found to be induced by any of the three missense mutations. Since it involves structural segment that is within vicinity of MTA binding site, these structural changes can be expected to affect the wild type function of SMS.
Effect on dimer affinity
The p.G56S mutation is predicted to significantly reduce affinity of monomers to form a dimer, in agreement with FoldX (Table 4 ). The reason for that is the structural reorganization shown in Fig. 2a , which in turn affects the interactions across dimer interface. The p.V132G mutation is predicted by our protocol to have little effect on affinity, while FoldX calculates almost 3kcal/mol reduction. The reason for such a difference is that we allow for extensive structural relaxation which significantly eases any sterical clashes and minimizes unfilled cavities. In addition, the analysis of the structure (Fig. 2b) shows that the side chain of the wild type residue (Val) does not point toward the dimer interface but it is parallel to it. Because of that Val→Gly mutation is predicted to have little effect of dimerization. The p.I150T mutation is predicted by us and FoldX not to affect dimerization. This is to be expected, since mutation site is far away form the dimer interface. Structural changes induced by p.I150T mutation propagate to the dimer interface; however, they are small and cause almost no effect.
DISCUSSION
Three missense mutations, clinically shown to cause Shyder-Robinson syndrome were investigated to reveal the details of the molecular mechanism causing the disease. This was possible due to recently solved 3D structure of the SMS dimer in presence of either SPD or SPM [Wu et al., 2008] . The 3D structures were subjected to pKa calculations, energy calculations and MD simulations. The analysis was complemented with simultaneous predictions made with web-based resources and the results were compared. Two distinctive mechanisms were found which the missense mutations studied in this work utilize in order to perturb the wild type properties of the SMS. Here we use the word "perturbation" to refer to any change of the wild type characteristics of SMS, since the disease could be caused not only by destabilization of the 3D structure. There are many examples of single nucleotide polymorphism that were shown to increase the stability of either RNA [Capon, et al., 2004] or the corresponding protein [Allali-Hassani, et al., 2009; Schickel, et al., 2007] and to enhance protein-protein interactions [Teng, et al., 2009a] . The same argument can be made for any other SMS property, which if altered from its wild type characteristics, could result in a pathogenic effect [Lupo, et al., 2009; Najat, et al., 2009] or natural difference [Merino, et al., 2009] .
Two of the missense mutations, p.G56S and p.V132G, occur either at the dimer interface (p.V132G) or at its periphery (p.G56S), both far away from the active site residues. They both are predicted to destabilize SMS monomers and p.G56S is also predicted to strongly reduce the affinity of monomers to form a dimer. Since dimerization is crucial for the SMS function, as shown experimentally [Wu et al., 2008] , the change would be affecting SMS function as well. Such missense mutations, that do not affect either the catalytic residues or the geometry of the active site, illustrate the case of missense mutations causing disease through indirect effects that alter the function of the corresponding protein.
The third mutation, the p.I150T, is located within the C-terminal domain which carries the active site and is responsible for SPD synthesis. However, neither the wild type Ile150 nor the mutant residue Thr150 are in direct contact with either catalytic amino acids or substrates. However, our analysis revealed that a plausible scenario may involve a "domino effect", such that the mutant residue, Thr150, makes a hydrogen bond with a neighboring titratable residue, Asp222, which in turn interacts with Asp220, the amino acid that coordinates MTA (and presumably coordinates the natural substrate as shown in Ref. [Wu et al., 2008] ). It could be envisioned that altering the wild type interactions, which involve amino acids within the active site, would affect SMS function and could be the cause of the disease. In addition, comparing snapshot of WT and mutant, we found that a structural region involving Asp220 changes its conformational dynamics due to the mutation. The last, but not the least observation, is that the mutation site, I150, is within the same beta strand as another active site residue, Gln148. Altering Gln148 position would affect MTA binding and definitely would affect the SMS reaction. Thus, the p.I150T mutation utilizes several different mechanisms to alter SMS function, but they all affect active site residues, which illustrate the case of a missense mutation causing a direct effect.
It should be pointed out that our computational analysis is not aimed at predicting the absolute value of the expected energy changes, but rather to predict their direction (stabilizing or destabilizing) and more importantly to reveal the details of the suggested changes. This is the major advantage of structure-based approaches, because they show the details of the changes causing the malfunction of the corresponding protein and in principle these findings could be used to develop therapeutics to neutralize the effect. In addition, our investigation provides testable predictions about the effects of the mutations on stability of the monomers and SMS dimer. The predicted tendencies could be tested by the means of thermal or denaturant unfolding experiments and the calculated increase of flexibility of the structural segment comprised of residues 221-260 due to p.I150T mutation could be studied by NMR or other methods. The pKa changes and hydrogen bond rearrangement predicted to occur due to p.I150T substitution could also be assessed by NMR as well as by titration experiments.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The 3D structure of SMS dimer in ribbon representation using "C' (blue) and "D" (while) chains of 3C6K structure. The MTA is shown in red and SPD in yellow. The mutation sites are shown as: p.G56 (purple), p.V312 (green) and p.I150 (orange). Zoomed 3D structure of SMS focused on the corresponding mutation site. The "C" chain of the corresponding minimized mutant structure (white) is superimposed structurally onto wild type minimized "C" chain (red) for comparison. The mutant "D" chain is also shown when applicable to indicate where the interface is. (a) Zoomed N-terminal domain. Amino acids 1-19 and above 118 are removed to reduce the complexity of the figure. The WT and mutant backbones are shown with ribbons. The side chains of amino acids around 56 mutation site are shown as "wires" and the missense mutation Ser56 is shown in green. (b) The 3D structure of the SMS dimer (amino acids 120-150), with "C" chain of the wild type (red) and the mutant p.V132G (white) superimposed. The "D" chain of the mutant is shown as blue ribbon. The side chains of the residues within the vicinity of the site of mutation are shown as well and the WT Val is green. (c) Zoomed C-terminal domain of the p.I150T mutant (white) superimposed onto the wild type structure (red). The mutant residue, Thr150 is shown in magenta, the titratable residue affected by the mutation, Asp222, is shown in orange, the coordinating residues Gln1648 in green and Glu220 in yellow. The MTA in blue. The hydrogen of Thr150 making H-bond with Asp222 and the hydrogens of Gln148 are also shown in the figure. Table 1 The calculated pKa's of ionizable groups with either SPD/SPM or MTA at the binding pocket The calculations were performed with 3C6M and 3C6K structures and results averaged over the "C" and "D" polypeptide chains. The residue numbers are reported for both structures, starting with 3C6M numbers. Four conditions were modeled: pKa calculations without substrates, with substrates and the same was repeated with introduced missense mutation p.I150T. The pKa's of residues at SPD/SPM binding site were found not to be affected by p.I150T mutation, while the pKa's of residues at the vicinity of the MTA pocket were found to be sensitive to the p.I150T mutation.
Table 2
The results of structure-based (3C6K) energy calculations Four different force field parameters (Charmm-19, Charmm-27, Amber-98 and OPLS) were used. All energies are in kcal/mol. Negative energy change indicates that the mutation decreases the stability, while positive increases it. The modeling was done using "C" and "D" chains of 3C6K structure independently and then results were averaged. Standard error is reported as well. The results of the structure-based tools are in kcal/mol and negative energy change indicates that the mutation is predicted to destabilize the SMS structure, while positive number suggests the opposite. The results were averaged for "C" and "D" chains. The sequence based servers do not predict the magnitude of the change, but its direction only in terms of stabilizing/destabilizing. The last row provides consensus prediction.
Table 4
The results of structure-based (3C6K) energy calculations on the dimer affinity changes 
